Analysis of a strong landfalling atmospheric river is presented that compares the 25 evolution of a control simulation with that of an adjoint-derived perturbed simulation using the 26 Coupled Ocean/Atmosphere Mesoscale Prediction System. The initial condition sensitivities are 27 optimized for all state variables to maximize the accumulated precipitation within the majority of 28 California. The water vapor transport is found to be substantially enhanced at the California 29 coast in the perturbed simulation during the time of peak precipitation, demonstrating a 30 strengthened role of the orographic precipitation forcing. Similarly, moisture convergence and 31 vertical velocities derived from the transverse circulation are found to be substantially enhanced 32 during the time of peak precipitation, also demonstrating a strengthened role of the dynamic 33 component of the precipitation.
Introduction

46
The predictability of atmospheric rivers (ARs) is vitally important for the management of water resources in California (CA) since it is a densely populated region and highly dependent 156 where is the gradient of the response function with respect to the j th initial state component.
b) The Sawyer-Eliassen Transverse Circulation Model 168
The Sawyer-Eliassen framework is a well-known method for calculating the 2D 169 ageostrophic circulation within a jet-front cross section. Following the methods of (Sawyer 1956; 170 Eliassen 1962; Keyser and Shapiro 1986; Winters and Martin 2014) , the Sawyer-Eliassen 173 where is in the across-jet direction, x is in the along-jet direction, Ψ is the ageostrophic 174 streamfunction, is potential temperature, = − is the absolute momentum, = 175 2 ( ) ( ) + 2 ( ) ( ) is the quasi-geostrophic forcing term (stretching and shearing 176 Accepted for publication in Journal of the Atmospheric Sciences. DOI10.1175/JAS-D-19-0155.1.
maximum values located offshore upwards of 750 kg s -1 m -1 ( Fig. 1b,g ).
219
A resurgence in the IVT (W2) is apparent in Fig. 1c , and is associated with a developing 220 secondary cyclone (C; Fig. 1h ), also termed a mesoscale frontal wave (Bjerkness and Solberg 221 (1922); Renfrew et al. 1996 , Parker 1997 , Rivals et al. 1997 , and Hewson 2009 Neiman et al. 222 2016; Martin et al. 2019) . This rapid succession of events is consistent with the idea of AR 223 families (Fish et al. 2019) . The mesoscale frontal wave is found to be located not only in the left 224 exit region of the upper level jet ( Fig. 1h ), which is a region favorable for cyclone development, only a modestly skillful precipitation forecast ( Fig. 2a,b Fig. 2a,b ). As will be discussed in the next section, this is the region where the most substantial 246 precipitation enhancements occur in the perturbed run. referred to as the optimal perturbations. These optimal perturbations may be conceptualized as 256 patterns highlighting the regions where the forecast is most sensitive to changes in the initial 257 state. For clarity, the various simulations' acronyms used within this study are shown in Table 1 .
258
The nonlinear control simulation is simply CTL, the perturbed tangent linear model's forecast is 259 LPF with difference from the control termed LPF -CTL, and lastly the perturbed nonlinear 260 simulation's forecast is NPF with difference from the CTL termed NPF -CTL. 261 The initial condition (0h) LPF -CTL are shown in Fig. 3 with the CTL run in color fill 262 and the LPF -CTL in the black contours such that solid contours overlaid on positive CTL 850-hPa optimal perturbations of wind speed and moisture content are situated within and 265 surrounding the tropical moisture plume, or AR, between 130ºW and 140ºW. The 850-hPa 266 moisture is enhanced by up to 0.4 g kg -1 within a large fraction of the AR core, around 23ºN, 267 140ºW, and decreased on the south east edge, around 20ºN, 130ºW (Fig. 3b) . The 850-hPa wind 268 speed optimal perturbations are seen to increase the wind speed on the tail of the AR (~23ºN, (Fig. 3c,d) . The fact that the perturbations occur farther upstream with increasing altitude 273 is consistent with the advective speed being much greater at upper levels; if these perturbations 274 are to impact the forecast during the same time period as the lower levels, they must be situated 275 farther away. This is also consistent with the structure of the sensitivities being tilted against the The remainder of the manuscript will be focused on the evolution of the optimal 283 perturbations and the dynamical differences between the CTL and the LPF. The difference in 48-284 h accumulated precipitation between CTL and LPF is shown in Fig. 2c and exhibits precipitation is about 3 mm, which is evident when comparing the deeper blue colors to the 296 lighter brown in Fig. 2c . Though this may seem small, it is important to emphasize that this is the 297 overall regional average which is offset by some areas of reduced precipitation.
298
While the perturbations have been tailored to optimize the precipitation in a linear 299 context, the nonlinear growth of the perturbations may also be examined by making a nonlinear 300 forecast from the optimally perturbed initial state. It is important to compare the forecast of the 301 LPF with the NPF because substantial differences between the two runs may indicate the 302 dominance of non-linearities, which are not represented within the LPF. The 48-h accumulated 303 precipitation of the NPF minus CTL, is shown in Fig. 2d . A comparison of the difference fields 304 (Fig. 2c,d) shows that they are qualitatively similar, indicating that within the 48-h forecast, the 305 non-linearities are sufficiently small such that the linear and nonlinear precipitation perturbations 306 are similar. Therefore, we are confident in moving forward with analyzing the LPF in more 307 detail.
